Introduction
The management of warfarin therapy is complicated by a wide variation in dose and response across patients. Investigations in diverse racial populations have identified the contribution of clinical factors such as age, body mass index (BMI), vitamin K intake, comorbidities, and concurrent medications to variability in warfarin dosing. 1, 2 Evaluation of genetic underpinnings have revealed the importance of single nucleotide polymorphism (SNPs) within the cytochrome P450 2C9 (CYP2C9) and vitamin K oxidoreductase complex subunit 1 (VKORC1) genes in influencing warfarin dose. These genes explain significantly more variability in warfarin dose requirements among European Americans than in African Americans. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Investigators have also identified the influence of CYP4F2 on warfarin dose. 13 CYP4F2 is a ω-hydroxylase responsible for the hydroxylation of leukotriene B 4 , and is expressed in the liver, kidneys, lungs, and white blood cells. 14 It is also a vitamin K1 mono-oxidase (VK1), catalyzing the hydroxylation of VK1. 15 Patients possessing p.V433M (rs2108622; CYP4F2*3) have a reduced capacity to metabolize VK1 in the liver, and the corresponding increase in VK1 levels necessitates a higher warfarin dose to elicit the therapeutic anticoagulant response. 15 The CYP4F2*3 variant is associated with higher warfarin dose requirements in European Americans, 13, [15] [16] [17] [18] [19] [20] [21] [22] Asians [23] [24] [25] [26] and Hispanics 27 but not among Brazilians 18 or African Americans 8, 27 . Among European Americans, studies support the association of CYP4F2*3 with dose variability, attainment of therapeutic INR, and attainment of stable dose. 13, 15-22, 28, 29 Recently, CYP4F2 has been associated with a lower hemorrhage risk, 30 and increased risk of stent thrombosis 31 among patients of European descent.
The CYP4F2*3 polymorphism has been incorporated in the warfarin dosing algorithm offered at warfarindosing.org, although it is not yet a part of the guidelines provided by the Clinical Pharmacogenetics Implementation Consortium (CPIC). 32 Recent clinical trials such as Clarification of Optimal Anticoagulation through Genetics (COAG) and European Pharmacogenetics of Anticoagulant Therapy (EU-PACT) do not include CYP4F2*3 in their dosing algorithms. 33, 34 Although, there is enough evidence of the influence of CYP4F2*3 on warfarin dose, its influence on warfarin response, especially among African Americans has not been extensively evaluated. Herein, we evaluate the influence of CYP4F2 on warfarin dose, time to attain therapeutic INR and stable dose, anticoagulation control (assessed as proportion of time spent in target range; PTTR), over anticoagulation (INR>4), and major hemorrhage among European and African American warfarin users.
Methods
The prospective Warfarin Pharmacogenetics Cohort (WPC) recruited patients ≥20 years of age initiating warfarin therapy and managed at an anticoagulation clinic under the approval of the Institutional Review Board at the University of Alabama at Birmingham and at Emory University. Warfarin therapy requiring a target international normalized ratio (INR) range of 2-3 was initiated in patients with venous thromboembolism, stroke/transient ischemic attacks, atrial fibrillation, myocardial infarction, peripheral arterial disease, and others (i.e., cardiac thrombus). Patients requiring a higher (INR 2.5 to 3.5; e.g. mechanical heart valves) or lower (INR 1.5-2.5; e.g. pulmonary arterial hypertension) intensity of anticoagulation were excluded. The goals of the study were to identify the influence of clinical and genetic factors on warfarin dose, anticoagulation control, and risk of hemorrhage.
Patients were followed monthly from initiation of warfarin therapy for up to 2 years. A detailed history was obtained that including self-reported race, education, income, medical insurance, height and weight, blood urea nitrogen, serum creatinine, hemoglobin and hematocrit, indication for warfarin therapy, co-morbid conditions, medications, smoking status, alcohol use, and vitamin K intake as detailed in previous publications. 3 
Outcome definitions
Warfarin dose (mg/day; log transformed to attain normality of residuals) was defined as the average dose required for maintenance of therapeutic anticoagulation (INR 2-3).
Time to attaining a therapeutic INR was calculated as number of days from warfarin initiation to the first INR of >2. Time required to attain stable warfarin dose was defined based on attainment of three consecutive target INRs in target INR range (2-3) with the INRs assessed at least 2 weeks apart.
Proportion of time spent in target range (PTTR) was calculated for each patient using the Rosendaal linear interpolation method. 37 38 For all major hemorrhagic complications during the 2-year follow-up, the complication site (e.g. gastrointestinal tract), gravity of the event (e.g. requiring transfusion, surgical intervention, etc.), and laboratory findings (INR, hemoglobin/hematocrit, etc.) at the time of the event were objectively documented. Isolated subtherapeutic or supratherapeutic INRs in the absence of bleeding were not classified as events.
During follow-up, all major hemorrhagic complications were captured and verified through review of admissions and emergency department visits. Only medically documented events were included in the analyses. The Alabama Center for Health Statistics was queried to verify cause of death for all deceased to ensure inclusion of deaths due to hemorrhagic complications. All complications were documented by the study nurse, confirmed by the principal investigator, and finally reviewed independently by the Medical Director (TMB) of the Anticoagulation Clinic.
Statistical methods
Analysis of variance was used to assess group differences for continuous variables and chisquare (χ 2 ) test of independence for categorical variables. The Hardy-Weinberg equilibrium assumption was tested using the χ 2 test. Multivariable linear regression analysis was performed to evaluate the association between CYP4F2*3 on warfarin dose and PTTR after accounting for sociodemographic factors (age, race, gender, body surface area [BSA]), clinical factors (e.g. kidney impairment, based on estimated glomerular filtration rate eGFR >60, 30-59, <30ml/min/1.73 m 2 calculated using the Modification of Diet in Renal Disease Study equation), 39 concurrent medications (e.g. amiodarone, statins), and variants in CYP2C9, VKORC1 and rs12777823.
The influence of CYP4F2*3 on time to target INR (2-3), time to stable dose, the risk of over anticoagulation (INR>4) and major hemorrhage was assessed using the counting process format in the proportional hazard (PH) model. Robust variance estimation was used to correct for the dependence among multiple events per individual and provide 95% confidence intervals (CIs) for the hazard ratios (HRs) of interest. Departures from the PH assumption were assessed by evaluating interactions of the predictors and a function of survival time. All analyses were performed using SAS version 9.3 at a non-directional alpha level of 0.05 accounting for demographic, clinical, and genetic factors. As the current evidence suggests that the influence of CYP4F2*3 on warfarin response may be dependent on race, we evaluated the CYP4F2-dose, anticoagulation control, and hemorrhage risk after stratifying by race. We evaluated the influence of CYP4F2*3 using additive (*1/*1 versus *1/*3 versus *3/*3), dominant (*1/*1 versus *1/*3 or *3/*3), and recessive (*1/*1 or *1/*3 versus *3/*3) models.
Role of the funding source
The study was funded by the NIH and the funders did not have any role in the study design, data collection, data analysis, data interpretation, or writing of the report.
Results
A total of 1238 patients were genotyped for the CYP4F2*3 variant (Table 1 ). The minor allele frequency (MAF) for the CYP4F2*3 variant was 30.3% among European Americans and 8.4% among African Americans. The prevalence of CYP2C9*2 and VKORC1 was higher among patients with the CYP4F2*3 variant compared to the wild-type allele. However, the prevalence of CYP2C9*3, *5, *6, and *11, and rs12777823 did not differ by CYP4F2 genotype. Patients with the CYP4F2*3 variant were older and more likely to be on warfarin for atrial fibrillation, whereas patients with CYP4F2 wild-type genotype were more likely to be on warfarin for venous thromboembolism and to have chronic kidney disease. The prevalence of comorbid conditions such as hypertension, hyperlipidemia, and diabetes mellitus did not differ by CYP4F2 genotype nor did the use of statins, amiodarone or antiplatelet therapy.
Patients with the CYP4F2*3 variant required higher warfarin dose compared to the wildtype genotype (Table 2) after adjusting for race, clinical and genetic factors. Among European Americans, compared to CYP4F2*1/*1, possession of *1/*3 genotype was associated with a statistically nonsignificant increase in dose by 4.5% and possession of *3/*3 genotype was associated with statistically significant increase in dose by 13.2% (Figure 1 ). Although African Americans possessing *3/*3 genotype required 19.9% higher warfarin dose, this finding was not statistically significant, likely due to the limited (n=2) prevalence of this genotype among African Americans (Figure 1 ). Gender (p=0.76), smoking status (p=0.54), and antiplatelet therapy (p=0.55) were not statistically significant in the model and were therefore removed from further analysis. Age, BSA, CYP2C9*3, and VKORC1 were significantly associated with dose among both European and African Americans (p<0.001, all). CYP2C9*2 was significantly associated only with dose among European Americans (p<0.001). Similarly, rs12777823 was significantly associated only with dose among African Americans (p<0.001).
Time to target INR (>2) did not differ by CYP4F2 genotype among European Americans (p=0.10) or African Americans (p=0.47). These associations remained unchanged after adjusting for clinical and genetic factors. Similarly, time to stable warfarin dose did not significantly differ by CYP4F2 genotype among European Americans (p = 0.98) and African Americans (p = 0.08).
Patients possessing CYP4F2*3 variant had higher PTTR compared to those with the wildtype genotype. However this association was not statistically significant after accounting for clinical and genetic factors ( Table 3) . As the CYP4F2-PTTR association did not differ significantly by race, the final model adjusted for race. As previously shown, age (p<0.001), Figure 2 ), although this was not statistically significantly different. As the CYP4F2-overanticoagulation association did not differ by race, the final model adjusted for race. African-American race (p<0.001), BSA (p=0.002), chronic kidney disease (p<0.001), antiplatelet use (p=0.008), CYP2C9 variants (p=0.006) and age (p=0.05) had a significant influence on over anticoagulation. Gender (p=0.81), amiodarone use (p=0.49), statin use (p=0.23), and rs12777823 (p=0.35) and VKORC1 (p=0.07) did not influence the risk of over anticoagulation.
Over the accrued 1762 person-years of follow up, 140 major hemorrhagic events were observed. Major hemorrhages by site included gastrointestinal (n=84), genitourinary (n=18), retroperitoneal (n=6), intracranial bleeds (n=12), hemoptysis (n=4), and hematomas (n=16). On average, patients with major hemorrhage had significantly lower hematocrit values compared to those without major hemorrhages (35.5 ± 6.9 vs. 37.3 ± 8.7, p=0.007). The overall incidence of major hemorrhage was 7.9/100 person-years (95% CI: 6.7 -9.3 per 100 p-yrs). The overall incidence of hemorrhage was 55% lower among patients with CYP4F2 *3/*3 genotype compared to *1/*3 or *1/*1 genotype, however this finding was not statistically significantly different (Table 4) . European Americans with CYP4F2 *3/*3 had a 49% lower risk of hemorrhage compared to those with the *1/*3 or *1/*1 genotype;-although this finding was not statistically significant (Table 4 ). Due to the limited (n=2) prevalence of the *3/*3 genotype, we could not evaluate the gene-hemorrhage association among African Americans.
As the CYP4F2 *3/*3 genotype appears to be protective for major hemorrhage, we assessed its influence further by accounting for other clinical and genetic factors, categorizing the CYP4F2 *1/*3 and *1/*1 as the referent genotype (recessive model). While possession of CYP4F2 *3/*3 genotype was associated with a 52% lower risk of major hemorrhage, this finding was not statistically significant (HR: 0.48, 95% CI: 0.14 -1.66, p=0.24).
We categorized *1/*3 or *1/*1 genotype as the referent genotype based on observed incidence of hemorrhage in our cohort. However, a recent report 30 evaluated the CYP4F2*3-hemorrhage association using a dominant model categorizing *1/*1 as the referent genotype and *1/*3 and *3/*3 as the variant genotype. Using this categorization, CYP4F2 *3 was not significantly associated with risk of hemorrhage (Table 4 ). This finding remained unchanged after adjusting for other clinical and genetic factors (HR: 0.88; 95% CI: 0.59-1.33; p=0.54).
Discussion
To our knowledge, this is the first paper to comprehensively evaluate the association of CYP4F2*3 with warfarin dose, PTTR, risk of overanticoagulation, and risk of major hemorrhage among chronic warfarin users. We also assessed whether possession of the CYP4F2*3 variant has a consistent effect across race groups.
The MAF for the CYP4F2*3 variant in our cohort was 30.3% among European Americans and 8.4% among African Americans, which is similar to previous reports for both European Americans and African Americans. 8, 13, 17, 18, 27 Given that the bulk of the evidence regarding the influence of CYP4F2 among warfarin users is from patients of European descent, we compared our findings with previous reports in this race group. And given the limited reports in the literature among African Americans, we presented our findings acknowledging that our ability to interpret CYP4F2*3-outcome associations among African Americans was limited because of the lower MAF of the variant in this race group. Moreover, as only two patients possessed the *3/*3 genotype, we could not assess the CYP4F2*3-response association using the recessive model.
Possession of CYP4F2*3 variant was associated with higher warfarin dose requirements. Inclusion of CYP4F2*3 in the dose prediction algorithm improved the proportion of variability explained by 0.6% which is concordant with previous reports. 13, 17, 40 Consistent with previous reports, the influence of CYP4F2 on warfarin dose varied by race in our study. Among European Americans, possession of CYP4F2*3 variant was associated with higher dose requirements with the CYP4F2*3/*3 genotype associated with significantly higher dose requirements (recessive effect).
The limited African-American participation has previously prevented the evaluation of the CYP4F2-dose association separately in this race group, 41, 42 and has been unable to test the association after accounting for other clinical and genetic factors. 8, 18 Our findings are consistent with those reported by others 27 who demonstrated the lack of influence of CYP4F2*3 variant on warfarin dose requirement among 260 African Americans using an additive model. Moreover, as only 2 out of the 531 African Americans in our cohort possessed the CYP4F2*3/*3 genotype, we could not evaluate whether the CYP4F2*3 variant exerted a recessive effect on dose in this race group. Concordant with previous reports among patients of European descent, 17, 20, 28 CYP4F2*3 did not influence time to attainment of first target INR≥2 or time to stable dose among European Americans. Researchers evaluating the influence of 59 CYP4F2 SNPs on time to target INR and stable dose reported that the CYP4F2*3-time to therapeutic INR association (p=0.03) did not remain significant after correction for multiple testing. 28 Possession of the CYP4F2*3 variant did not influence PTTR after controlling for clinical and genetic factors in either race group in our study. The findings among European Americans are consistent with results of a previous study reporting that CYP4F2*3 was not significantly associated with PTTR (*1/*1 vs. *3/*3, p=0.39; *1/*3 vs. *3/*3, p=0.14). 40 We are the first to report the lack of effect of the CYP4F2*3 variant on time to target INR, time to stable dose, and PTTR among African Americans.
Previous evaluations have not shown a significant association between CYP4F2 and overanticoagulation among patients of European descent. 17, 20, 28, 40 We found no effect of CYP4F2 on risk of overanticoagulation among European or African Americans. Our results suggest a recessive effect of the *3 variant, with the CYP4F2*3/*3 genotype associated with a lower risk of over anticoagulation.
To our knowledge, this is the first report on the CYP4F2-hemorrhage association among African Americans. There are limited data on the CYP4F2-hemorrhage association among European Americans. 17, 43 In a recent study of community-dwelling warfarin users of mainly European descent, possession of the *3 variant was associated with a 38% lower odds of major hemorrhage. 30 The authors assessed the CYP4F2-hemorrhage association using a dominant model categorizing CYP4F2*1/*3 and *3/*3 versus *1/*1. However, our results do not support these findings. We recognize that categorization of genotypes as variant (*1/*3 and *3/*3) versus wild-type (*1/*1) is accepted. Therefore, we report the CYP4F2-hemorrhage association using both categorizations. However, our data regarding the incidence of hemorrhage demonstrates that the protective effect (if any) associated with CYP4F2 is related to possession of the *3/*3 genotype. Possession of the *3/*3 genotype is protective as supported by the absolute risk of hemorrhage observed among European Americans in our cohort. However, we could not evaluate the protective association of the CYP4F2*3 variant among African Americans given the lower minor allele frequency of the CYP4F2*3 in this group and the absence of major hemorrhage among the two African Americans with the CYP4F2*3/*3 genotype.
While we assessed the differential effect of CYP4F2*3 among African and European Americans, we recognize that these results may not be generalizable to Hispanics and Asians. 23, 24, 27, 44, 45 Additional studies are needed to identify predictors that may differentially influence warfarin response in these race groups. As we assessed only the CYP4F2*3 polymorphism, we could not investigate for haplotype block structures in the two race groups. Assessment of additional SNPs in the CYP4F2 gene and investigating their association with warfarin response may reveal as yet undiscovered causal variants among African Americans. Moreover, it is likely that incorporation of other genetic (e.g. GGCX, CALU, CYP2C9*8) 27, 46, 47 and clinical factors (including drug-drug interactions) not assessed in this study may further improve dose prediction and alter the effect-sizes of the predictors evaluated herein. We recognize this limitation.
Conclusion
Our findings confirm that possession of CYP4F2*3 variant influences warfarin dose among European Americans but not African Americans. The influence of CYP4F2*3 on warfarin dose variability among European Americans is smaller than that accounted for by CYP2C9 and VKORC1. The CYP4F2-dose association follows a recessive model. Similarly, CYP4F2-overanticoagulation and CYP4F2-hemorrhage association follow a recessive pattern with possession of CYP4F2*3/*3 genotype likely demonstrating a protective effect. These findings need to be confirmed in larger studies that can evaluate the consistency of the effects in different race groups. 
